Background: Femoroacetabular impingement (FAI) can lead to labral and articular cartilage injuries as well as early osteoarthritis of the hip. Currently, the association of patient symptoms with the progression of labral and articular cartilage injuries due to FAI is poorly understood.
Femoroacetabular impingement (FAI) is a condition that involves abnormal morphology of the hip joint, and it has been shown to predispose patients to the early development of degenerative hip arthritis. 1, 10, 15, 30 The pathogenesis of FAI, initially described by Ganz et al, 14 is thought to involve bony abutment of a mismatched acetabulum and femur during physiological motion, resulting in labral impaction and cartilage shearing that can culminate in advanced joint damage. 3 This causal relationship between FAI, particularly cam type, and hip arthritis has fueled the use of minimally invasive hip procedures in recent years that aim to stabilize soft tissue damage and correct hip deformities to improve symptoms and possibly delay the progression to arthritis. 4, 6, 33 Classically, FAI manifests with the slow onset of groin pain that is intermittently exacerbated by high-impact activities, excessive demand on the hip, or prolonged flexion of the hip such as during sitting. 26 Patients who present with symptomatic FAI refractory to conservative treatment have generally been considered for either arthroscopic or open surgical intervention to correct the bony deformity and soft tissue/chondral injuries. These techniques have been shown to improve symptoms in patients with FAI, as indicated on multiple patient-reported outcome (PRO) scores including the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC), the University of California-Los Angeles (UCLA) activity score, the 36-Item Short Form Health Survey (Short Form-36) physical and mental component summaries, and the Merle d'Aubigné clinical score. 5, 13, 28 Although symptoms improve after surgical intervention, it remains unclear how preoperative symptoms correlate with the natural progression of labral and articular cartilage injuries seen in these patients.
Although asymptomatic patients with bony deformities consistent with FAI have an increased likelihood of developing structural damage to the hip, such as labral lesions, cartilage thinning, and impingement pits, 30 many never develop symptoms or go on to develop advanced hip arthritis. 32 As the rate of progression of joint degeneration varies considerably, identifying patients who would benefit most from surgical intervention for this deformity can be challenging. Understanding the correlation between clinical symptom severity and the progression of chondrolabral damage would better educate patients on the natural history of their condition and whether surgical intervention should be considered.
The present study aimed to correlate PRO scores of symptoms with magnetic resonance imaging (MRI)-based measures of the cartilage composition and gross structural damage in patients undergoing hip arthroscopic surgery for symptomatic FAI. The goal was to improve the understanding of how progressive structural injuries to the articular cartilage and labrum are associated with clinical symptoms. We hypothesized that higher grades of cartilage and labral damage seen intraoperatively as well as increasing T 1r and T 2 cartilage relaxation times in the hip joint will correlate directly with more severe clinical symptoms.
METHODS

Patient Cohort
A power analysis was performed a priori using data from a preliminary cohort of patients with FAI before surgery at a single institution; these data were analyzed for correlations between T 1r /T 2 relaxation times in the anterosuperior subcompartment and patient-reported Hip disability and Osteoarthritis Outcome Score (HOOS) results. Based on the correlation with the HOOS Pain subscale (r ¼ 0.36) and HOOS Activities of Daily Living (ADL) subscale (r ¼ 0.32), a 1-tailed analysis with alpha ¼ 0.05 and beta ¼ 0.80 revealed a required sample size of 40 patients to identify a significant relationship, should one exist. Patients were then prospectively enrolled from the institution's hip preservation clinic after obtaining institutional review board approval.
Patient age, body mass index (BMI), and sex were recorded. Patients were eligible for inclusion if they were aged 18 to 50 years, had a BMI <30 kg/m 2 , had a lateral center-edge angle (LCEA) >20
, and were diagnosed with symptomatic cam-type or cam-predominant mixed-type FAI that was refractory to at least 6 weeks of conservative treatment including activity modification, physical therapy, and/or corticosteroid injections. While limited evidence exists on the ideal period of time to implement conservative interventions before considering hip arthroscopic surgery for FAI, 6 weeks was used in multiple previous high-quality studies, and as such, this threshold was utilized in the present analysis. 21, 22 Cam-type or cam-predominant mixed-type FAI was the focus for this analysis because of the strong association of cam lesions with labral tears and articular cartilage lesions. 3, 30 A cam lesion was defined as an alpha angle 55 on a 45 Dunn lateral radiograph. 11 Patients who had evidence of progressive arthritic change (Tönnis grade 2) on preoperative radiographs were excluded from this analysis. Patients with a history of hip surgery were also excluded.
Imaging
Before surgery, radiographs, including anteroposterior, frog lateral, and 45
Dunn lateral views, were obtained on all patients. These were analyzed for calculation of the Tön-nis grade, alpha angle (on Dunn lateral radiographs), and LCEA (on anteroposterior pelvis radiographs). All patients also underwent preoperative imaging of the affected hip using a 3-T MRI scanner and an 8-channel cardiac coil (GE Healthcare).
Imaging Analysis
The imaging protocol used in this study has been reported previously and included a 3-dimensional Spoiled Gradient Echo (SPGR) (Multi-Echo Data Image Combination [MERGE]) sequence for semiautomatic cartilage segmentation and a combined T 1r and T 2 mapping sequence for assessing the cartilage composition. 18, 20, 27 All imaging postprocessing was performed using custom-written MATLAB programs (The MathWorks), and femoral and acetabular cartilage regions were segmented using a semiautomated region of interest-based algorithm that relies on Bézier splines and edge detection.
Self-reported Outcomes
Preoperatively, patients were asked to complete validated PRO scores that included the HOOS and as well as a visual analog scale (VAS) for pain, which have previously been used to assess clinical symptoms in patients with FAI. 17, 24, 37 
Surgical Protocol
Hip arthroscopic surgery was performed on each patient as indicated by his or her inclusion diagnosis. After standard arthroscopic portals were established, diagnostic hip arthroscopic surgery was conducted, during which the femoral and acetabular articular cartilage as well as labral tears were assessed and graded using the classification reported by Beck et al. 7 The surgical procedure was then completed as standard of care based on the abnormality, with all patients undergoing femoroplasty and labral repair and patients undergoing chondroplasty or microfracture if a high-grade articular cartilage injury was present. Focal acetabuloplasty was performed in cases of mixed-type FAI in conjunction with femoroplasty.
Statistical Analysis
Correlation analyses were then performed to evaluate the association between PRO scores and articular cartilage injury grades as well as PRO scores and labral injury grades as assessed during arthroscopic surgery. Correlation analyses were also performed between PRO scores and quantitative MRI values obtained for the anterosuperior quadrant of the acetabulum and femur, which is a region known to suffer damage as a result of cam-type FAI. 7, 35 Pearson correlation coefficients (r) were obtained for correlations between continuous variables such as T 1r /T 2 relaxation times and PRO scores. Spearman correlation coefficients (r) were obtained for correlations between ordinal and continuous variables such as cartilage injury grades and PRO scores. Outcomes were also compared by sex using a 2-sample Student t test for continuous variables and a Wilcoxon signed-rank test for ordinal variables. All statistical analyses were performed on STATA software (version 15.0; StataCorp), with significance set to P < .05. The 95% CIs on all calculated correlation coefficients were included wherever possible.
RESULTS
Patient Cohort
A total of 46 patients (46 hips) were enrolled before hip arthroscopic surgery for symptomatic cam-type FAI (58.7%) or cam-predominant mixed-type FAI (41.3%), set by the power analysis. The cohort included 27 men (59%) and 19 women (41%), who had a mean age of 35.5 ± 9.8 years and a mean BMI of 23.9 ± 3.0 kg/m 2 . There were 28 patients with Tönnis grade 0 hips (60.9%) and 18 patients with Tönnis grade 1 hips (39.1%). The mean alpha angle was 61.8 ± 4.8 (range, 55 -75 ) ( Table 1 ). The indication for surgery in all 46 patients was refractory hip pain, despite at least 6 weeks of conservative treatment such as weight loss, physical therapy, anti-inflammatory drugs, and activity modification.
Correlations With Arthroscopic Findings
During hip arthroscopic surgery, 47.4% of patients were found to have a grade 2 labral tear, and 52.6% of patients were found to have a grade 3 labral tear. The majority of patients were found to have grade 2 (32.6%) or grade 3 (47.8%) acetabular cartilage damage, whereas femoral cartilage most commonly constituted grade 1 (54.4%) damage. Increasing BMI (r ¼ 0.37; 95% CI, 0.08-0.65; P ¼ .01) and increasing alpha angles (r ¼ 0.61; 95% CI, 0.42-0.80; P < .001) correlated with higher grades of anterosuperior acetabular cartilage injuries seen intraoperatively ( Figures  1 and 2 and Table 2 ). Increasing alpha angles (r ¼ 0.59; 95% CI, 0.37-0.82; P < .001) also correlated with increasing grades of labral tears. Male patients were found to have higher median grades of acetabular cartilage injuries (3 vs 2, respectively; P < .001) and labral tears (3 vs 2, respectively; P < .001) compared with female patients (Table 2) . 
a Data are shown as mean ± SD or median (interquartile range) unless otherwise specified. BMI, body mass index; LCEA, lateral center-edge angle. Table A1 ). PRO scores did not demonstrate any correlations with acetabular cartilage damage or labral tearing found on quantitative MRI or during arthroscopic surgery, with no correlation of HOOS or VAS scores to acetabular T 1r or T 2 values (Appendix Table A1 ).
A lower LCEA correlated with lower scores on the HOOS Symptoms subscale (R ¼ 0.30, P ¼ .02; 95% CI, 0.05-0.55). Increasing BMI was found to correlate with higher (worse) VAS pain scores (R ¼ 0.42, P ¼ .005; 95% CI, 0.13 to 0.71), HOOS Symptoms scores (R ¼ -0.31, P ¼ .037; 95% CI, -0.59 to -0.02), and HOOS ADL scores (R ¼ -0.32, P ¼ .04; 95% CI, -0.62 to -0.01).
DISCUSSION
FAI, particularly cam type, involves morphological abnormalities in the hip joint that predispose patients to labral and chondral damage during physiological motion. 1, 26 In addition to demonstrating that larger cam deformities correlate with increasingly severe labral and cartilage damage, the results of this study reveal that biochemical cartilage alterations in the femoral articular cartilage have a greater correlation with the severity of patient symptoms than acetabular cartilage alterations or arthroscopically verified chondrolabral damage. To our knowledge, this is the first study to correlate patient-reported symptoms with intra-articular structural injuries in FAI, as seen both during hip arthroscopic surgery and on quantitative MRI.
Quantitative MRI with T 1r and T 2 mapping is increasingly utilized for the detection of biochemical changes in articular cartilage before the development of obvious morphological damage. 2, 29 In particular, T 1r sequences are sensitive to the proteoglycan content of hip and knee articular cartilage, 2, 19 and an inverse relationship has been demonstrated between T 1r relaxation times and proteoglycan content in hyaline cartilage. 12 These imaging modalities are therefore useful in characterizing the natural history of FAI, as they detect the reduction in proteoglycan content that occurs in the early stages of arthritis before macroscopic cartilage damage. 9 Multiple prior studies have reported on the prevalence and structural consequences of FAI in an asymptomatic population. 16, 30, 38 However, the present study is the first to assess how the severity of clinical symptoms correlate with quantitative MRI changes in patients with symptomatic FAI undergoing surgery. The results of this study do not show a correlation between acetabular T 1r or T 2 values and PRO scores, but lower scores on the HOOS Pain, Symptoms, and ADL subscales were found to correlate with femoral cartilage damage, as reflected by increasing T 1r or T 2 relaxation times particularly in the anterosuperior aspect of the femoral head, where impingement occurs.
The HOOS is a reliable measure of a patient's hip function, originally used to assess outcomes after hip replacement. 25 It has since been validated for use in patients undergoing hip arthroscopic surgery 17 and has been expanded to patients with FAI, who have consistently demonstrated lower scores than non-FAI controls. 31, 36 The correlation of lower HOOS scores with femoral-sided biochemical compositional changes, as shown in this study, may suggest that patients are more sensitive to the occurrence of femoral-sided damage in FAI. In addition, the location of this degeneration in the anterolateral region of the femoral head/neck junction is consistent with prior studies in showing that this is a common area of injuries in FAI and is often the area most under physiological stress from cam lesions. 7, 35 The findings in this study further show that higher grade labral tearing on arthroscopic surgery correlated with male sex and increased alpha angles. In addition, higher grade acetabular cartilage damage correlated with male sex, increased alpha angles, and increased BMI. Our findings are supported by previous studies that similarly demonstrated that male sex, older age, and elevated alpha angles were independently associated with the presence of acetabular damage during hip arthroscopic surgery. 23, 34, 38 Despite these findings, labral tearing and chondral damage seen intraoperatively did not correlate with PRO scores. While these results may seem counterintuitive, they are consistent with the findings of Westermann et al, 36 who showed that HOOS scores did not correlate well with macroscopic findings of damage during hip arthroscopic surgery for patients with FAI and that these scores correlated better with mental health, activity levels, and smoking status. Considering the poorly defined relationship between structural damage to the hip and clinical symptoms in patients with FAI, the application of quantitative MRI to this population as a compositional cartilage-imaging biomarker is diagnostically useful. The present study reveals that while higher grade injuries to the labrum or acetabular cartilage do not consistently correlate with more severe clinical symptoms, progressive biochemical changes to the femoral cartilage, as demonstrated on quantitative MRI, may reflect the stage of the disease at which symptoms progress. This sequence suggests that damage to the labrum and acetabular cartilage as a result of the cam deformity in FAI may thus occur at subclinical levels for a period of time before pain develops, and the progression of damage beyond the labrum and acetabular cartilage to the femoral cartilage may represent the threshold above which patient symptoms are most correlative. However, these findings are novel, and further research is needed to ascertain the true natural history of this condition and the effects of surgical treatment for FAI on both patient-reported symptoms as well as articular cartilage damage. The strengths of the present study include the analysis of a large cohort of patients with symptomatic FAI. These patients underwent surgical management by the same surgeon (A.L.Z.), which minimizes the variability in data collection with respect to intraoperative grading and preoperative imaging. The study also adds quantitative MRI to the characterization of FAI, which expands on prior studies that only correlated findings on radiographs or standard MRI sequences with patient symptoms.
The limitations of the study include the inability to assess morphological changes over time in FAI and the fact that we did not include postoperative follow-up data. As these patients were studied before arthroscopic surgery, they were all experiencing symptoms to some scale, and a truly asymptomatic control group was not available. However, the goal of this study was to correlate the severity of patient symptoms with the extent and location of labral and articular cartilage injuries, which could be studied in a symptomatic cohort. Another limitation is that the correlations found in this study are moderate, with Pearson and Spearman correlation coefficients lying between 0.3 and 0.5 for the majority of relationships. However, the actual population correlation coefficients for patients with FAI may be moderate, considering the heterogeneous and multifactorial cause and pathogenesis of this condition. Further studies that involve higher numbers of patients will likely improve the precision of the correlation coefficients and narrow the 95% CIs; future studies should also involve preoperative and postoperative data as well as longer follow-up data to better characterize the long-term consequences of this condition. Last, while T 1r and T 2 values are increasingly used to measure the cartilage composition in vivo, relaxation times are an estimate of the biochemical composition of cartilage and may inaccurately reflect the true extent of degeneration.
CONCLUSION
The severity of patient-reported symptoms caused by FAI correlates with femoral-sided articular cartilage damage, as measured on quantitative MRI by T 1r and T 2 mapping, suggesting that femoral cartilage changes may have a greater influence on patient symptoms than labral tears or acetabular cartilage damage in FAI. 
